The ultrafast laser-induced response of spins and charges in CoFe/Al 2 O 3 multilayers are studied using THz and optical pump-probe spectroscopies. We demonstrate the possibility of ultrafast manipulation of the transport and magnetic properties of the multilayers with femtosecond laser excitation. In particular, using time-resolved THz transmission experiments we found that such an excitation leads to a rapid increase of the THz transmission (i.e., electric resistivity). Our experiments also reveal that femtosecond laser excitation results in the emission of broadband THz radiation. To reveal the origin of the emitted THz radiation, we performed magnetic-dependent measurements of the THz emission. We also compared the observed electric field of the THz radiation to calculations performed using subpicosecond laser-induced demagnetization measurements. The good agreement between the experimentally obtained spectra and the calculations corroborates that the measured THz emission originates from the demagnetization process.
The demand for ever faster and energy efficient data processing has continuously fueled fundamental research on magnetism over the last decades and resulted in the emergence and the rapid development of spintronic technology [1] . At the same time, the engineering of spintronic devices operating at THz frequencies remains a major challenge that could be met by the optical manipulation of spins at subpicosecond time scales.
One of the most efficient ways to study the ultrafast dynamics of magnetic materials and structures is based on the pump-probe technique, in which ultrashort optical laser pulses are used to induce and probe magnetization dynamics [2] . With the help of pump-probe techniques many exciting phenomena have been demonstrated, such as ultrafast demagnetization [3] , coherent manipulation of spins with the help of circularly polarized light [4] , or helicity dependent all-optical magnetic switching [5] .
At the same time, THz time domain spectroscopy (TDS) [6] is a technique that has been broadly used to characterize material properties in the THz spectral region. In fact, since this frequency range corresponds to the characteristic energy of electronic intraband transitions [7] , it allows the probing of charge carrier dynamics. There are several known examples of these kinds of studies for bulk semiconductors and semiconductor nanostructures [8] [9] [10] [11] [12] [13] . Moreover, THz-TDS can be used to investigate magnetic phenomena, like ultrafast demagnetization [14, 15] , precessional modes of magnetic sublattices [16] [17] [18] [19] , as well as novel phenomena [20] .
Despite the amount of reports on either ultrafast spin dynamics or THz-TDS, the combined investigation of the dynamics of spins and charges in technologically relevant * diogo.costa@visitor.inl.int † joventur@fc.up.pt materials is still scarce [21] . The conjugation of both measurements in materials that depict magnetoresistance may elucidate the role of the electrical and magnetic counterpart in transport phenomena and even push spintronics to the THz region. Here, we study how charges (i.e., free electrons) and spins respond to ultrafast stimuli such as an electric field at THz frequencies or a femtosecond laser pulse in CoFe/Al 2 O 3 multilayers. These nanometric layers are widely used in the fabrication of spintronic devices, such as magnetic tunnel junctions [22, 23] .
A [Co 80 Fe 20 (1.8 nm)/Al 2 O 3 (3 nm)] ×10 multilayer was prepared by ion beam sputtering on 0.7-mm-thick glass substrates in a Nordiko 3000 tool and its static magnetic and electrical properties were reported previously [24] [25] [26] . The THz spectrometer used for the measurements was based on a Ti:sapphire regenerative amplifier which generates 50-fs laser pulses at the central wavelength of 800 nm with a repetition rate of 1 kHz and a pump fluence of 1 mJ/cm 2 . A schematic representation of the THz-TDS setup is shown in Fig. 1 . Two different configurations were used with very few modifications: one for THz transmission measurements (shutter open) and another for THz emission measurements (shutter closed). The red line represents the optical beam and the yellow the THz field. Small holes in the parabolic mirrors allow the optical beam to pass without significant loss of the THz field. The optical laser is divided in three branches: one for detection (1) , one for THz generation (2), and one for optical pump excitation of the sample (3). For the measurements we employed an electrooptical detector, which allows us to determine the THz electric field. The electrooptical linear effect generates birefringence in materials with inversion symmetry upon the application of an electric field. In this case, the THz radiation induces the birefringence causing the rotation of the optical probe polarization. The THz signal is thus measured by resolving the polarization of the optical probe [27] . In the transmission measurements a THz emitter (a ZnTe crystal) is excited generating THz radiation. This radiation is focused on the sample and one can study how the THz transmission of the sample changes as a function of the optical pump delay time. In the case of the THz emission measurements the optical beam that would lead to the THz radiation of the ZnTe crystal is blocked and one can study the THz emission of the sample itself. The optical pump was focused onto the sample at normal incidence. The THz waves emitted from the optically pumped sample were measured after propagating through the glass substrate of the sample. An optical filter (transparent to THz radiation) was used to block the optical pulses. The purge box that involves the measurement setup was used to avoid the presence of water molecules that may absorb some of the THz radiation (N 2 was injected in the box). A cryostat was used to change the temperature sample from 300 to 15 K; the cryostat was only used in the temperature-dependent measurements, the remaining experiments were performed at room temperature. A schematic representation of the magnetic field direction applied during the measurements is also shown in Fig. 1 .
To probe the ultrafast magnetization dynamics, a timeresolved stroboscopic magnetooptical pump-probe technique was employed. A Ti:sapphire laser system in combination with an amplifier was used to generate laser pulses similar to the optical pump used in the THz measurements with a repetition rate of 250 kHz (and the same pump fluence of 1 mJ/cm 2 ). The same pulse was used as the optical probe, but with a beam intensity at least 100 times lower.
With the aim of understanding to what extent THz transmission measurements can serve as a probe of transport properties in CoFe/Al 2 O 3 multilayers at THz frequencies, we measured the THz transmission through the multilayer structure as a function of temperature T . To deduce the signal originating from the CoFe/Al 2 O 3 multilayer, we normalized the electric field transmission of the sample with that of the substrate. The result is shown in Fig. 2 (black dots). One sees that the THz transmission through the CoFe/Al 2 O 3 multilayer increases with temperature. This can be understood if one assumes that the transmission is dominated by the real part of the electric conductivity. As the temperature decreases, the scattering rate of free electrons becomes smaller, thereby leading to an increase of the conductivity and thus a decrease of the transmission of the electromagnetic radiation at THz frequencies. There is a remarkable correlation between the temperature dependencies of the THz transmission with the d.c. electrical resistance, see Fig. 2 . This finding confirms that the THz transmission can serve as a probe of the transport properties of spintronics materials at THz frequencies.
To understand if it is possible to control the transport properties of the multilayer structure with the aid of a femtosecond laser pulse, we have performed time-resolved pump-probe measurements in which the sample was first excited by a 50-fs laser pulse and the laser-induced changes were probed with a pulse of THz radiation. Varying the delay between the pump and probe pulses we measured how the maximum electric field of the transmitted THz pulse changes as a function of the delay. The results are shown in Fig. 3(a) , where the change in the transmission is measured with respect to the transmission without pump pulses present. It is seen that the femtosecond laser excitation can indeed cause ultrafast dynamics of the THz transmission. In particular, the time-resolved measurements reveal three different regimes of the dynamics: the steep change of the THz transmission on a time scale of ∼ 500 fs, a fast decay on a time scale of 0.8 ps and a slower relaxation with the characteristic time of about 140 ps. The dynamics can be understood using the two-temperature model, which describes the temporal evolution of the system in terms of two coupled reservoirs of energy representing free electrons and lattice, respectively [28] ,
where C l and C e are heat capacities of the lattice and the electrons, respectively. T l is the lattice temperature, T e is the temperature of the electrons, G the electron-lattice coupling factor, and P (t) the laser heating source. When an intense 50-fs laser pulse is absorbed in the medium, its energy is transferred to the electron gas, increasing its temperature/energy. This leads to an increase of the scattering rate and results in a decrease of the conductivity. As a result, the THz transmission increases and, as can be seen from the experiment in the studied materials, this increase occurs faster than 0.5 ps (τ 0 < 0.5 ps). From the differential equations it is seen that the time scale of the process is defined by the time dependence of the source P (t). After that, due to electron-phonon coupling, the electrons will effectively transfer their energy to the lattice on a time scale below 1 ps [29, 30] (τ 1 ∼ 0.8 ps). Phenomenologically, we were able to describe the transmission change due to a pump pulse using
where τ 0 is the rise time of the error function, A 1 and A 2 are exponential amplitudes, and τ 1 and τ 2 are exponential decay times. The first term between brackets in Eq. (3) describes the sudden change in the resistivity, while the exponential decays account for the different relaxation processes. The function described in Eq. (3) can perfectly describe our photoinduced transmission change, as shown with the solid line in Fig. 3(a) . The decay time τ 1 can be interpreted as the characteristic time of the electron-phonon coupling the strength of which is described by the factor G [see Eqs.
(1) and (2)]. The observed decrease of the THz transmission originates from an increase of the THz conductivity and indicates that this electron-lattice thermalization leads to a temperature decrease of the system. One should point out that the resistance of a metal is governed by both electron-electron and electron-phonon scattering. It is expected that the electron-electron scattering rate is proportional to T 2 , while electron-phonon scattering rate is proportional to T 5 [31] . The conductivity increase on a time scale of the electron-phonon interaction can be assigned to the fact that the drop in the electronic temperature is substantially larger than the increase in the phonon temperature. After the temperatures of the electrons and the lattice are equilibrated, the whole excited area will cool down on the time scale of the heat transfer (τ 2 ∼ 140 ps). Therefore, τ 2 is assigned to the cooling of the lattice, which results in the coupling of the lattice to an infinite reservoir at room temperature and is not explicitly shown in this restricted two-temperature model. As the electron scattering decreases (due to electron-phonon coupling and heat transfer) the conductivity increases and thus the THz transmission decreases, this behavior is consistent with Fig. 2 .
In Fig. 3(b) we show τ 1 and τ 2 as function of temperature, τ 0 appears to be temperature-independent τ 0 ∼ 0.16 ps. The fast recovery (τ 1 ) on a subpicosecond time scale is nearly independent of the sample temperature, whereas the slow cooling rate (τ 2 ) increases by almost 15% when going from 300 to 15 K. Since τ 2 corresponds to the characteristic time of the longer thermal relaxation process, as the temperature increases, the thermal relaxation is more efficient and τ 2 decreases. On the other hand, τ 1 (which is related to the electron-phonon coupling) is independent on the temperature since it is mainly affected by the ultrafast heating caused by the optical laser pulse. As for the exponential decay amplitudes of the transmission (A 1 and A 2 ) a decrease is observed for increasing temperatures [ Fig. 3(c) ]. This result is expectable since, for high temperatures, the transmission limit is enhanced and thus the decay amplitudes decrease.
Measurements with different in-plane magnetic fields were also performed (not shown). For the best sensitivity of our setup we could not detect any dependence of the THz transmission, with or without pump, on the magnetic field. This is probably related with the small magnetoresistance exhibited in this sample [24] . Furthermore, while magnetoresistive effects are claimed to be abundantly observed in the midinfrared optical range [32] [33] [34] [35] [36] , less is known for the THz spectral range [37] [38] [39] .
To understand the effect of light on the CoFe/Al 2 O 3 multilayer structure we also studied THz emission from the sample after it has been excited by a femtosecond laser pulse at room temperature. the detection beam was maintained constant and the sample rotated. To elucidate the origin of the emission, we have performed the measurements for different orientations of the magnetization with respect to the axis of the detector. Although we clearly observe THz emission when the polarization of the detector axis and the magnetization are orthogonal, no THz emission is observed with the axis parallel to the magnetization. To reveal the full angular dependence we have measured the strength of the electric field of the emitted THz radiation as a function of the angle θ between the detector axis and the magnetization. Figure 4 (b) reveals a periodic dependence that can be accurately fit with a sine function. A similar sinusoidal relation to the laser-induced THz emission was already observed in Fe [40] and Ni films [14] . While the former report claimed that this emission is generated by an optical nonlinearity due to symmetry breaking at the surfaces of the films, the latter suggested that the THz emission originates from the ultrafast laser-induced demagnetization of the metallic magnet. Indeed, it follows from Maxwells's equations that a time varying magnetization (M) results in the emission of electromagnetic radiation.
To confirm that the origin of the THz emission is the ultrafast demagnetization, we performed experiments at different applied magnetic fields (H ). Since CoFe is a ferromagnetic material, the dependence of the magnetization M on the field H shows a hysteretic behavior. Using magnetooptical Kerr effect (MOKE) measurements [41] in which the angle of incidence of light was set to 45
• and the magnetic field applied in the plane of the sample, we obtained the dependence of the magnetization on the magnetic field M(H ) [see Fig. 4(c) ]. The figure also shows that the peak amplitude of the emitted THz radiation as a function of H reveals a similar hysteresic-like behavior. It should be noted, however, that since the THz emission measurements run in a stroboscopic mode with pump pulses present, the interpretation of the outcome of the measurements in fields lower than the coercive field is ambiguous.
We have also checked if the THz emission is sensitive to the polarization of the optical pump and found no polarization dependence of the emission signals which again confirms the hypothesis that the ultrafast changes of the magnetization are due to the laser-induced demagnetization and not optomagnetic phenomena similar to those described in Ref. [42] . It was observed (using wiregrid polarizers) that the emission is always purely polarized perpendicular to the magnetization. These measurements support the hypothesis that demagnetization induced THz emission is observed.
To support the idea of THz radiation being emitted due to ultrafast laser-induced demagnetization, we have compared our experimental results obtained with the help of the MOKE and THz emission spectroscopy. In particular, taking the data on ultrafast demagnetization from the MOKE measurements we calculated the electric field of the THz wave emitted as a result of such a rapid change of the magnetization of the medium. Starting from the derivation of the plane wave equation for an infinite plane, using Faraday's and Ampère's laws and taking into account the fact that the generated THz radiation before being detected first propagates through a glass substrate, we come to the following expression for the electric field of the THz radiation:
whereẼ y (w,z) is the generated complex electric field,m x is the complex magnetization, ω the angular frequency, d is the thickness of the magnetic layer, n is the refractive index of the substrate, and c the speed of light in a vacuum. A detailed description of these calculations is reported elsewhere [43] . To find the electric field of the generated THz radiation, we experimentally found how the magnetization of the medium changes in time after the sample was excited by a 50-fs laser pulse at room temperature. In particular, we performed all optical pump-probe experiments in which the medium was excited by a 50-fs laser pulse with a central wavelength of 800 nm and the temporal evolution of the laser-induced changes was probed with the help of a similar, but weaker probe pulse. Using the procedure described in Ref. [44] , we were able to determine the time scale and the degree of the laser-induced demagnetization [ Fig. 5(a) ]. The dynamics of the demagnetization obtained at different magnetic fields are shown in Fig. 5(a) , revealing that it is relatively insensitive to the external magnetic field.
Taking the dependence of the demagnetization from Fig. 5(a) we calculated the spectrum of the THz emission. The outcome of the calculations is shown in Fig. 5(b) , together with the measured trace of the THz spectrum. Regarding the fact that in the calculation procedure of the THz trace no fit parameters are used and the propagation and ZnTe response are neglected, the similarity between these two spectra is quite satisfactory. However, the spectral width of the calculated spectrum is broader than the measured one. This can be explained by taking into account that the propagation response will attenuate lower frequencies, while the propagation through the substrate and the response of the ZnTe detection will attenuate higher frequencies.
In summary, a detailed study of the THz transmission and emission in CoFe/Al 2 O 3 multilayers was performed. It was verified that the THz transmission has the same temperature dependence as the electrical resistance, opening the possibility of studying spintronic phenomena in the THz spectral range. Moreover, the effect of a femtosecond laser excitation on the THz transmission, and thus the electrical resistivity, was studied. Besides the observed subpicosecond change in the resistivity, we also observed an emission of linearly polarized THz radiation triggered by the ultrafast optical excitation. To reveal the origin of the emission, we compared the near-infrared MOKE rotation with the THz peak amplitude. Both these observables appear to show quite similar hysteresis dependencies on the applied magnetic field. Moreover, the magnetization dynamics deduced from the time-resolved MOKE measurements was used to calculate the spectrum of the THz emission which must accompany such a laser-induced magnetization dynamics. The calculated spectrum is in quite good agreement with the experimentally obtained spectrum of the electric field of the emitted radiation. These facts strongly support the hypothesis that the THz emission originates from the ultrafast laser-induced demagnetization.
